Bacillus amyloliquefaciens BaM-2 produces large amounts of extracellular enzymes, and the synthesis of these proteins appears to be dependent upon abnormal ribonucleic acid metabolism. A polynucleotide phosphorylase (nucleoside diphosphate:polynucleotide nucleotidyl transferase) was identified, purified, and characterized from this strain. The purification scheme involved cell disruption, phase partitioning, differential (NH4)2SO4 solubilities, agarose gel filtration, and diethylaminoethyl-Sephadex chromatography. The purified enzyme demonstrated the reactions characteristic of polynucleotide phosphorylase: polymerization, phosphorolysis, and inorganic phosphate exchange with the 3-phosphate of a nucleotide diphosphate. The enzyme was apparently primer independent and required a divalent cation. The reactions for the synthesis of the homopolyribonucleotides, (A),, and (G),, were optimized with respect to pH and divalent cation concentration. The enzyme is sensitive to inhibition by phosphate ion and heparin and is partially inhibited by rifamycin SV and synthetic polynucleotides.
The enzyme polynucleotide phosphorylase (PNPase) has been isolated from a variety of microorganisms (7, 21) and catalyzes the biochemical reaction summarized in the following reaction scheme: NDP + (NMP),, f (NMP), +1 + Pi, where NDP is nucleoside 5'-diphosphate, NMP is nucleoside monophosphate, and Pi is inorganic pyrophosphate. The forward reaction results in the polymerization of ribonucleoside-5'-diphosphates and has been important in the supply of synthetic polyribonucleic acids for biological research. Some forms of PNPase require that n be greater than a certain critical value (primer-dependent PNPase), whereas other forms will initiate synthesis from the component mononucleotides (10) . Primer-dependent syntheses have been utilized to modify naturally occurring ribonucleic acid (RNA) by addition of a defined sequence to the 3'-termini of the molecule (17) . The reverse reaction results in the processive degradation of polynucleotide chains in the 3' to 5' direction (5, 11) , and in this capacity the enzyme has been utilized to remove (adenylic acid),, [(A)j] segments from eucaryotic messenger RNA (mRNA) molecules (20, 23) .
The apparent ubiquity of the enzyme in microorganisms suggests an important role in cell physiology; however, an unequivocal demonstration of its function in cell metabolism is absent from the literature. Two divergent, contradictory views have been presented to explain the role of PNPase. One view suggests that PNPase participates in RNA metabolism by increasing the turnover rate of ribonucleotides through the processive degradative pathway (15, 18) . The opposing viewpoint suggests that the polymerization reaction is the physiologically important function and that the enzyme may modify the 3'-hydroxyl end of mRNA molecules so as to increase the half-life of the message (16) . The recent demonstration of (A),, segments on the 3'-termini of some mRNA molecules in Escherichia coli (12) may add support to this latter viewpoint and may indicate that only certain classes of mRNA's are modified.
Bacillus amyloliquefaciens produces large quantities of extracellular proteins and the mRNA molecules for these products have an apparently long half-life (4, 6 (ii) Phase partition. Fraction I was partitioned between phases of dextran and PEG by the Shorenstein and Losick (19) modification of the Babinet (2) procedure. Thirty-five milligrams of PMSF and 0.3 ml of 0.1 M DTT were added per 100 ml of fraction I. Fraction I (143 ml) was treated with 45.9 ml of 30% (wt/wt) PEG and 16.5 ml of 20% (wt/wt) dextran, both dissolved in water. After stirring for 30 min, the mixture was centrifuged at 14,000 x g for 10 min. Two phases were obtained; the upper phase, containing the PEG, was discarded. To the dextran phase (26 ml), 62 ml of buffer I, 9 mg of PMSF, 0.075 ml of 0.1 M DTT, 25.4 ml of 30% PEG, and 13.2 g of NaCl were added. The mixture was stirred for 30 min and centrifuged as before. The PEG phase was discarded. To the dextran phase (22 ml), 52.6 ml of buffer I, 8 mg of PMSF, 0.07 ml of 0.1 M DTT, 21.6 ml of 30% PEG, and 22.7 g of NaCl were added. The mixture was stirred for 45 min and centrifuged as before. The dextran phase was discarded. The PEG phase (80 ml) containing the PNPase activity was dialyzed for 2 h against two changes of 4 volumes of buffer I plus 0.05 M NaCl and 5% (vol/vol) glycerol.
(iii) (NH4)2SO4 fractionation. After dialysis, (NH4)2SO4 (16.3 g/100 ml) was added, and 1 N NaOH was used to maintain the pH at 7.6. The mixture was stirred for 30 min and centrifuged 5 min at 10,000 x g. Two phases were obtained; the upper phase, containing the PEG, was discarded. To the lower phase, (NH4)2SO4 (7 g/100 ml) was added; the mixture was stirred for 30 min and centrifuged 45 min at 23,500 x g, and the precipitate was discarded. The 30 to 52% (NH4)2SO4 precipitate was made by adding (10 g/100 ml) (NH4)2SO4 to the supernatant fraction. The mixture was stirred and centrifuged as described before, and the precipitate was dissolved in 4 ml of buffer II (0.01 M Trishydrochloride, pH 8, 1 mM EDTA, pH 7, 0.01 M MgCl2, 0.3 mM DTT, 10% [vol/vol] glycerol, and 0.1 M NaCl) and designated AS 52.
(iv) Agarose gel filtration. AS 52 was applied to a Pharmacia K26/40 column of Bio-Gel A-1.5-m agarose and eluted with buffer II plus 0.1 M NaCl at a flow rate of 5 ml/h. Fractions of 2.2 ml were collected, and 5 ,ul was assayed for enzyme activity. The effluent in tubes 29 to 34 (PNPase I) and tubes 40 to 42 (PNPase II) showed activity (See Fig. 1 The molecular weight of PNPase I was determined by SDS-gel electrophoresis as described previously (22) .
RESULTS
Separation of two PNPase activities by agarose gel filtration. When the material from final phase partition was fractionated by differential solubility in 32 to 52% (NH4)2S04 and the resulting precipitate (AS 52) was dissolved in buffer and fractionated by agarose gel filtration, two peaks of PNPase activity were resolved (Fig. 1) . The major peak (PNPase I) was eluted first and was followed by a second orthophosphate-sensitive small peak of activity (PNPase II). The fractions demonstrating PNPase I and PNPase II activities were pooled separately, and the degree of purity was assessed by SDS-polyacrylamide gel electrophoresis. The PNPase I fraction showed significantly fewer bands than PNPase II ( Fig. 2A) demonstrated the reactions of a true PNPase. The relationship between the two activities is, at present, not clear, and PNPase II will be the subject of future investigations. The remaining analyses pertain to the further purification and characterization of PNPase I.
DEAE-Sephadex chromatography. The pooled PNPase I material described above was fractionated by stepwise elution on DEAESephadex columns. The active material was eluted from the column in the presence of 0.5 M NaCl (Fig. 3) . Gel electrophoresis in the presence of SDS and urea produced a single band of protein (Fig. 2C ) that migrated at a rate characteristic of a protein of molecular weight 7.4 x 104 (Fig. 4) . PNPase I is composed of a single polypeptide chain or oligomers thereof. The specific activity of this material was calculated to be 170 nmol of AMP incorporated per mg of protein per min.
Effect of pH and divalent cations on polymerization activity. Maximum polymerization activity for the incorporation of ADP into acidinsoluble material was observed in cacodylate buffer at pH 5.0 (Fig. 5A) , and pH dependence appeared as a relatively sharp peak. The synthesis of (guanylic acid)n [(G),,] from GDP, on the other hand, produced a broad pH range with maximal polymerization at pH 7.0 in Trishydrochloride buffer (Fig. 5B) . The concentration of the Tris-hydrochloride buffer (i.e., 1.0 to 10 mM) did not alter the extent of polymerization, whereas the cacodylate buffer was found to be inhibitory at a concentration above 2.0 mM.
The polymerization reaction is completely dependent upon the presence of divalent cations.
Both the syntheses of (A),, and (G),, exhibit this dependence: (A),, synthesis is optimal in 10 mM MgCl2, and (G). synthesis is optimal at 5 mM MgCl2. At higher concentrations, Mg2+ becomes inhibitory in both systems (Fig. 6 ). Manganese can serve as the cation in both I syntheses, but the final amount of polymerization is only 0.5 of that observed in the presence of Mg2+. Inorganic [32P]ADP exchange reaction. In the presence of NDP and phosphate, PNPase can exchange the 8-phosphate of the nucleotide with orthophosphate (7, 21) . This reaction is a distinguishing property of PNPase. Table 1 shows that PNPase I of B. amyloliquefaciens carries out this reaction as efficiently as the well-characterized PNPase of E. coli.
PNPase I activity as a function of time of incubation. The reaction stoichiometry of PNPase indicates that as the polymerization reaction proceeds, the accumulation of orthophosphate will tend to drive the reaction in the opposite direction. The polymerization reaction studied as a function of time demonstrates that this is the case for both (A),, and (G), syntheses (Fig. 7) . In the case of (A). synthesis, the forward reaction continues for 30 min at a point when approximately 45% of the added ADP has been rendered acid insoluble. At this point, the phosphorolysis reaction becomes dominant and polymer degradation becomes evident. In the case of (G), synthesis, only about 5% of the added NDP is polymerized before the reaction is inhibited. The cause of this pronounced inhibition is not known. In addition, there is only a slight amount of (G),, degradation during the time course of the experiment.
Phosphorolysis reaction of PNPase I. The phosphorolysis reaction evident in the preceeding experiments can be studied by following the the absence of orthophosphate, indicating no contaminating ribonuclease activity. The addition of as little as 2.0 nmol Of P042-initiates phosphorolysis, and the degradation is complete in the presence of 20 nmol. The resistant isotope remaining in the presence of high levels of orthophosphate may be related to the resistant fraction described previously (11) , which was postulated to be residual oligomeric material that cannot bind to the enzyme and is, therefore, not degraded.
The dependence of phosphorolysis upon pH is shown in Fig. 8B, and explanation for the pH optimum of the polymerization reaction of ADP. The polymer is rapidly degraded at neutral or alkaline pH, but the phosphorolysis reaction is almost completely inhibited in cacodylate buffer at pH 5.0 to 4.5.
Inhibitory studies on PNPase I. The effects of various inhibitors of PNPase I are summarized in Fig. 9 . As expected, inorganic PO42-markedly inhibits the reaction at levels above 5.0 nmol per assay. Rifamycin SV, a potent inhibitor of B. subtilis deoxyribonucleic acid (DNA)-dependent RNA polymerase, demonstrates partial inhibition of the reaction, but only at relatively high concentrations. Unexpectedly, heparin proved to be a very potent inhibitor of PNPase I. It is also of interest to note that both (A),, and (G),, inhibited the synthesis of (A),, by PNPase I. The reaction proved relatively insensitive to N-ethylmaleimide and high concentrations of KCI. 
DISCUSSION
The presence of PNPase in extracts of B. subtilis has been previously described (3, 21) but was not studied in detail. PNPase I of B. amyloliquefaciens, as described in the present investigation, is an apparently primer-independent form of the enzyme that can be purified to a single protein band upon SDS-polyacrylamide gel electrophoresis. The primer inde- pendence of our preparation must be qualified, since we have not rigorously proved the absence of nucleic acid contamination, and very small amounts of nucleic acid tightly bound to the enzyme could escape detection by conventional means. The immediate initiation of (A), and (G)" synthesis at the maximal rate might be indicative of the existence of such a contaminant (7) .
The enzyme possesses many of the properties and characteristics of the well-studied PNPase ofMicrococcus luteus (5, 7, 10, 11, 21 The inhibition data summarized in Fig. 9 are of interest for several reasons. Rifamycin SV is a potent inhibitor of DNA-dependent RNA polymerase, and it has been found that the B. subtilis RNA polymerase is completely inhibited by 0.1 ug/ml (1) . PNPase I is inhibited less than 50% by 160 ug of rifamycin SV per ml, and similar results have been obtained with rifampin. It has been shown that these drugs interact with the /8 subunit of RNA polymerase (8) . Heparin is also a potent inhibitor of bacterial RNA polymerase, and it has been postulated that the site of this interaction is the ,3' subunit and may convert /3' to /8 (24) . Synthetic polyribonucleotides also can inhibit RNA polymerase by competing with DNA molecules for the template binding site on the /3' subunit (9) . These data suggest that PNPase I and the /3' (and ,3) subunit appear to share some properties relating to polynucleotide binding. These relationships are of interest, since a (A),,-synthesizing enzyme has been purified in E. coli (14) , and it was suggested that this protein was the a subunit of RNA polymerase. The enzyme was sensitive to phosphate, not inhibited by rifampin, and had a molecular weight in the range of 2.0 to 4.0 x 104 (13, 14) .
As previously mentioned, B. amyloliquefaciens produces large quantities of extracellular enzymes, as much as 100 times the amount of protease synthesized by B. subtilis (4) . Contin- ued de novo synthesis of these enzymes is observed in the absence of mRNA synthesis (4, 6) , which was interpreted to indicate that a large pool of mRNA specific for the extracellular enzymes had accumulated. If PNPase acts to increase RNA turnover (15) , one might have expected a very low level or absence of PNPase in B. amyloliquefaciens. On the other hand, if PNPase is involved in extending the half-life of mRNA (11) then PNPase may play an important role in RNA metabolism in bacterial species that produce extracellular enzymes. Investigations to elucidate a possible role for PNPase in B. amyloliquefaciens are in progress.
